ABSTRACT Expression studies suggest that the incidence and severity of tibial dyschondroplasia (TD) in chickens, Gallus gallus, may be affected by the aggrecan gene, AGC 1. Here, results are described of a scan for single nucleotide polymorphisms (SNP) in AGC1 in genetic lines divergently selected for TD incidence in chickens. A total of 3,048 bp of DNA sequence obtained from amplicons produced by 4 primer-pairs designed from the GenBank AGC1 cDNA sequence were scanned for SNP. Among the 18 SNP detected and validated, only 2 were
INTRODUCTION
Tibial dyschondroplasia (TD) in chickens is a defect of the epiphyseal growth plate that results from a disruption of the normal events of endochondrial ossification of bone during development (Leach and Lilburn, 1992) . As one of the top 4 factors limiting meat-type poultry, annual losses to the poultry industry are estimated at about $200 million (Edwards, 2000) . Though TD primarily affects broilers and broiler × layer crosses, the etiology of this disease remains without general consensus (Edwards, 2000) . Both genetic and environmental factors have been reported to significantly influence the incidence of TD (Leach and Lilburn, 1992) .
Both selection and candidate gene expression analysis have been used to evaluate the genetic basis of TD. In a long-term selection program, chickens in lines selected for high incidence of TD had on average a 3-fold severity of TD than those in the low line (Wong-Valle et al., 1993) . In addition to the selection studies establishing genetics as a significant factor in the incidence and severity of TD, Auburn University, Auburn, AL, now deceased.
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Corresponding author: esmith@vt.edu 1169 nonsynonymous. Allelic frequency differences between TD-affected and nonaffected birds were not statistically significant for all the SNP. The current results do not support an association of Gallus gallus AGC1 variation at the DNA level with the incidence of TD in chickens. The genomic resources described, however, including the SNP, could be useful in further evaluating AGC1 in other populations for association with TD or other skeletal abnormalities. expression studies have also implicated candidate genes including type × collagen (Zhang et al., 1998) and aggrecan (Farquharson et al., 1994) . The investigations involved assessing differences in gene expression at the mRNA and protein levels between TD-affected and nonaffected birds in type × collagen (Oettinger and Pacifici, 1990; Zhang et al. 1998) , and type II collagen, osteopontin, and bone sialoprotein (Pines et al., 1998) . Recent progress in genomics provide an opportunity to further investigate the role of these genes at the DNA level by scanning for single nucleotide polymorphisms (SNP) that may be in linkage disequilibrium with TD (Nickerson et al., 2000) .
Like TD, chicken nanomelia is a skeletal abnormality associated with the cartilage extracellular matrix proteoglycan component (Stirpe et al., 1987) . A review by Velleman (2000) discussed the relationship between the integrity of this matrix, including the absence of aggrecan, the predominant proteoglycan in cartilage, and skeletal structure in the chicken. The consensus, from biochemical studies and mutation analysis, is that nanomelic chondrocytes have reduced levels of aggrecan, which affects the extracellular matrix (Velleman, 2000) .
Here, the role of the aggrecan gene in the incidence of TD in chickens was investigated by scanning the gene for SNP and evaluating the association of variant nucleotides with the incidence and severity of the abnormality in affected and unaffected birds. In addition to providing a complement to earlier work that evaluated the differences in expression levels of aggrecan (Farquharson et al., 1994) , the present study tests whether a nonsynonymous mutation in AGC1 described by Li et al. (1993) to cause nanomelia in chickens may also be associated with TD. Size of the amplicons produced from the PCR and the length of the sequence scanned for SNP.
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Because the sequence of the PCP11 amplicon had a 100% sequence identity with both L03837 and M88101, it was not submitted to GenBank.
MATERIALS AND METHODS

Birds
Forty-eight birds from each of 2 divergently selected lines and a control population were used in the current study. The populations from which the birds were obtained were in the seventh generation of divergent selection for low and high incidence of TD. The selection program and the basis for classifying birds as either low or high TD have previously been described (Wong-Valle et al., 1993) . Briefly, birds at 7 wk of age were evaluated using a low-intensity x-ray scanner (Lixiscope, Lixi, Inc., Downers Grove, IL) and scored from 0 (no TD) to 3 (most severe TD). Across generations, the incidence of TD in the low and high lines has been at an average of 6 and 95%, respectively. The 48 birds from the high line were all TD-affected with a severity score ranging from 1 to 3. The affected 6% from the low line had a severity score of only 1.
Molecular Analysis
From each of the 96 birds included in the study, blood was collected in EDTA (9 parts blood: 1 part 0.5 M EDTA) from each bird by brachial venipuncture. Genomic DNA was isolated from 50 L aliquot of each sample as previously described (Huang et al., 1999) . To scan the aggrecan gene for SNP, a PCR-based resequencing approach previously used in other investigations was used (Smith, 1998) . The primers used in the PCR were designed using a 1,548-bp chicken cDNA sequence with Accession Number L03837. This sequence was previously described by Oettinger and Pacifici (1990) and is homologous to other sequences recently described including M88101, M13993, and U78555, which are chicken cartilage proteoglycan core protein gene, aggrecan, and brain chondroitin sulphate proteoglycan, respectively. Four primer-pairs were designed so that each pair produced an amplicon that overlapped the product of the subsequent primer-pair. The PCR amplification reaction for each primer-pair was as follows: In a total volume of 25 L, the final PCRreaction mix consisted of 1.5 mM MgCl 2 , 200 M of each deoxyribonucleotide triphosphate, 1 M of forward and reverse primers, 150 ng of genomic DNA, and 0.05 units of Amplitaq DNA polymerase. The cycling conditions included initial denaturation at 95°C for 5 min followed by 30 cycles of denaturation at 92°C, annealing at 55°C, and extension at 72°C for 30, 60, and 120 s, respectively. The amplified products were processed, sequenced, and analyzed for SNP as previously described (Smith, 1998) .
Statistical Analysis
Standard statistical procedures were used to evaluate the effect of variation in the Gallus gallus AGC1 gene on TD (Lynch and Walsh, 1998) . Briefly, χ 2 was used to test for the significance of differences among genotypes for TD and to evaluate allele frequency differences among TD scores within the high and low TD lines. The transmission disequilibrium test was also used to further evaluate the effect of the AGC1 nucleotide variants on the progeny from reciprocal matings of TD affected and unaffected heterozygote birds (Barr et al., 1999) . Ten families from each direction were used. From these, 100 affected and unaffected progeny were screened.
RESULTS AND DISCUSSION
Each of the 4 primer-pairs, except PCP-15, amplified a single fragment. Two amplicons of approximate length of 600 and 900 bp, respectively, were amplified by PCP15. Both bands were distinct at all annealing temperatures evaluated between 50 and 72°C. The sequences of the amplified fragments, including the 900-bp PCP15-amplicon, had on average 99% DNA sequence identity with the chicken GenBank aggrecan reference sequences L03837 and M88101. The sequences have been submitted to GenBank and assigned accession numbers (Table 1) .
The sequence of the 600-bp PCP15 amplicon did not match any of the aggrecan or aggrecan-related gene sequences in GenBank. However, it matched (100% sequence identity) a DNA sequence on chicken chromosome 2 between the coordinates of 43360719 and 43361274. This sequence has been submitted to GenBank and assigned accession number AF130883. The 900-bp PCP15 amplicon appeared to contain an intron that is absent in the aggrecan cDNA sequence (accession number L03837). The putative splice sites in the sequence corresponded to positions 122 and 139, which consisted of the dinucleotides GT and AG, respectively. The sequence within the 122 to 139 region did not match the L03837 sequence. However, the sequences within 1 to 122 and 340 to 422 showed 100 and 95% sequence similarity, respectively, to the L03837 sequence. The consensus sequences from each of the amplified fragments have been Data presented for the 600-bp PCP15 amplicon. S/P/f represents the SNP alleles, the position of the SNP in the sequence of the 600-bp amplicon (accession number AF130883), and the frequency of the allele outside the parentheses, respectively. submitted to GenBank and assigned accession numbers as follows: G44702 for the consensus sequence from PCP-04 amplicons; G44703 for the PCP-07-based consensus sequence; and G44704 for the consensus sequence from the 900-bp PCP15-amplified fragment.
Nine variant nucleotides or SNP were identified and validated in the aligned sequences (Table 2) . Additionally, 9 SNP were also identified and validated in the 600-bp PCP-15 amplified fragment. Based on segregation analysis in the East Lansing reference population, L03837 was mapped to chicken chromosome E29 as locus TUS0001 between MCW0035 (10.7 cM) and ROS0096 (3.1 cM) with a logarithm of odds score of 11.7. The ROS0096, the chicken aggrecan gene or AGC1, was previously mapped by RFLP analysis (Jones et al., 1997) . The high and significant sequence similarity of TUS0001 to AGC1 suggested that L03837 is probably a partial sequence of the chicken aggrecan gene. However, the dissimilarity in the map location of TUS0001 and AGC1 suggested genotyping errors or orthologues. Resequencing of a second PCR product and reverse primer sequencing validated the SNP here, reducing the likelihood of genotyping errors. However, L03837 may be a member of a multigene family, increasing the likelihood of genotyping errors from amplification of orthologues (Oettinger and Pacifici, 1990) . Also, because of orthology, TUS0001 and AGC1 may be different but similar genes of the proteoglycan core protein family, with the consequence of linkage but not identical map locations.
Based on the genotyping of the East Lansing chicken reference panel, the PCP-15 amplicon did not map to any existing linkage group for the chicken genome. Additionally, the sequence of this amplicon did not match any of the aggrecan or aggrecan-related gene sequences in GenBank. However, using BLAT (http://genome.ucsc. edu/cgi-bin/hgBlat) to search the recently released chicken genomic DNA sequence, it matched (100% sequence identity) a DNA sequence on chicken chromosome 2 between the coordinates of 43360719 and 43361274. The sequence of PCP-15 amplicon has therefore been submitted to GenBank and assigned accession number AF130883.
The present work represents a part of the first systematic scan of the aggrecan gene for SNP. The rationale for these investigations includes studies that showed altered expression in TD birds (Farquharson et al., 1994) . Further, a stop codon previously reported in AGC1 in nanomeliaaffected birds (Li et al., 1993) provides evidence of the significance of this gene in maintaining skeletal integrity. Although the genomic reagents described here do not show any association with TD, they may be useful in future investigations into the role of AGC1 in other skeletal abnormalities.
